The 8.2 ka BP cooling event is assumed to be the most clearly marked abrupt climate event in the Holocene at northern mid-to high latitudes. In this study, we simulate the vegetation responses to the 8.2 ka BP climate change event over Europe and Northern Africa. Our results show that all dominant plant functional types (PFTs) over Europe and North Africa respond to these climate changes, but the magnitude, timing and impact factor of their responses are different. Compared with pollen-based vegetation reconstructions, our simulation generally captures the main features of vegetation responses to the 8.2 ka BP event. Interestingly, in Western Europe, the simulated vegetation after perturbation is different from its initial state, which is consistent with two high-resolution pollen records. This different vegetation composition indicates the long-lasting impact of abrupt climate change on vegetation through eco-physiological and ecosystem demographic processes, such as plant competition. Moreover, our simulations suggest a latitudinal gradient in the magnitude of the event, with more pronounced vegetation responses to the severe cooling in the north and weaker responses to less severe cooling in the south. This effect is not seen in pollen records.
Introduction
The worldwide distribution and character of vegetation depend mainly on climate conditions, and plants are likely to respond within decades when the amplitudes of climatic changes exceed the tolerance of the species, due to high mortality by frost, drought or other fatal damage to plant physiology (Tinner and Lotter, 2001) . Moreover, vegetation can also be impacted by many other factors, including changed interspecific competition, forest fire and human disturbance. These vegetation responses caused by both climatic and ecological impacts are often described as 'regime shifts', referring to ecosystem reconfiguration between alternative stable states (Lees et al., 2006; Andersen et al., 2009) . Understanding the mechanisms behind such rapid ecological responses is very important in the context of future climate change. One approach to improve this knowledge is to study the impact of past abrupt climate change on vegetation.
One prominent example of past climate change is the 8.2 ka BP cooling event that has been confirmed to be the highest magnitude abrupt climate event in the Holocene at northern midto high latitudes (Alley and Agustsdottir, 2005; Daley et al., 2011) . Both modelling and proxy-based studies suggest that the 8.2 ka BP event is the result of a weakened Atlantic meridional overturning circulation (AMOC) after a sudden injection of freshwater to the Labrador Sea from the Laurentide Ice Sheet and proglacial Lake Agassiz-Ojibway (Clarke et al., 2004; Alley and Agustsdottir, 2005; Rohling and Pälike, 2005; Wiersma and Renssen, 2006; Daley et al., 2011; Wagner et al., 2013; Morrill et al., 2014; Matero et al., 2017) . This event was characterized by a reduction in annual temperature in the Northern Hemisphere and an increase in seasonality, with stronger cooling in the boreal winter (by up to 30°C) than summer (by up to 7°C) at high latitudes (Wiersma and Renssen, 2006) . It is marked by a 3.3 ± 1.1°C transient cooling over~160 years in Greenland (Kobashi et al., 2007; Thomas et al., 2007) , declines of mean annual temperature between −0.6 and −1.2°C around the circum-North Atlantic for 100-150 years and drier conditions over the Mediterranean and the Northern Hemisphere tropics . While such climate responses during the 8.2 ka BP event have been analysed in many previous studies, the spatio-temporal impacts of this climate change on vegetation remains relatively poorly known.
Simulations with dynamic global vegetation models (DGVMs) enable us to analyse the impacts of past climate events, and to evaluate the effects of separate climate factors (e.g. temperature or precipitation). However, only a very limited number of modelling studies have addressed the issue of the vegetation response to abrupt climate changes (Scholze et al., 2003; Köhler et al., 2005; Menviel et al., 2008; Miller et al., 2008; Bozbiyik et al., 2011; Woillez et al., 2013) . For instance, Miller et al. (2008) simulated vegetation responses to an abrupt temperature increase 9 ka BP ago in Fennoscandia using LPJ-GUESS and compared their results to pollen accumulation rate data. Their study suggested that millennial variations in summer and winter temperatures determine vegetation dynamics and that biotic factors play key roles for plant species when near their bioclimatic limits. There are also several studies on vegetation responses to abrupt cooling. For example, Scholze et al. (2003) investigated vegetation changes during the Younger Dryas using the LPJ DGVM. Their results show that the strong cooling during the Younger Dryas leads to a decrease in temperate forests. The temperate forests were replaced by boreal forests and C3 grass in northwest Europe and by C3 grass only in Southern Europe. In addition, Woillez et al. (2013) used Last Glacial Maximum (LGM) climatic anomalies to force the ORCHIDEE DGVM. They investigated an important regression of forests and expansion of grasses in Europe during the LGM, driven by small decreases in mean temperature (about −1 to −2°C) and precipitation (about −10 to −30%). In their case, the glacial vegetation was very sensitive to climatic variability because the initial climates were already very close to climatic thresholds of vegetation, highlighting the importance of the initial climate states for vegetation responses. Moreover, several studies have investigated the terrestrial carbon cycle during the LGM using DGVMs (Köhler et al., 2005; Menviel et al., 2008; Bozbiyik et al., 2011) . For instance, Köhler et al. (2005) found a southward shift of the tree line and a reduction of temperate and boreal forests in the Northern Hemisphere, but do not give more details on the spatio-temporal responses of vegetation distribution. Their results were in qualitative agreement with Menviel et al. (2008) and Scholze et al. (2003) . In contrast, Bozbiyik et al. (2011) found strong reductions of carbon stocks in some tropical locations and in high northern latitudes, but they applied fixed pre-industrial vegetation in their climate simulations. However, the sensitivity of vegetation to abrupt climate change under interglacial climates remains unclear.
In this paper, we simulate vegetation responses to the 8.2 ka BP event as an example to examine the interglacial vegetation responses to abrupt climate change, using the LPJ-GUESS DGVM, in combination with the iLOVECLIM climate model. We take a two-step approach: we first simulate climate anomalies during the 8.2 ka BP event with the iLOVECLIM climate model, and subsequently we force LPJ-GUESS with these climatic anomalies to study the vegetation responses. We focus on vegetation responses over Europe and Northern Africa, where vegetation can be expected to have experienced relatively strong changes. Europe is also of particular interest given the pollen records available for a model-data comparison. The following questions will be addressed: Material and methods
Model descriptions
The LPJ-GUESS vegetation model LPJ-GUESS (Smith et al., 2001 (Smith et al., , 2014 ) is a second-generation DGVM with explicit scaling of individual-level processes among several patches whose size is decided by the maximum area of influence of one full-grown individual plant on its neighbours (15 patches in this study) in each grid cell. The model version used in this study has representations of soil and plan nitrogen (N) dynamics described by Smith et al. (2014) . Nitrogen deposition was kept constant at a pre-industrial level of 1 kgN ha -1 a -1 in our experiments. In this model, the parameterizations of biophysical and physiological processes (stomatal conductance and photosynthesis) are identical to the equilibrium model BIOME3 (Haxeltine and Prentice, 1996; Sitch et al., 2003) , although photosynthesis is reduced in the event that N supply cannot meet demand (Smith et al., 2014) . LPJ-GUESS simulates the distribution of 11 plant functional types (PFTs) and bare soil, because of transient climatic forcing and competition among different PFTs for light and water resources. It includes dynamic, stochastic representations of establishment, mortality, generic and fire disturbance, whereas growth, carbon allocation, plant allometry, phenology and turnover follow LPJ-DGVM. In this study, the model is forced 'offline' by monthly climatic inputs (temperature, precipitation and cloud cover) at T21 resolution from the iLOVECLIM model, implying no feedbacks between vegetation and climate are included.
Description of the climate model
iLOVECLIM is an updated version of LOVECLIM 1.2 (Goosse et al., 2010; Roche et al., 2014) , and contains modules for the main climatic system components. Here we apply a version including the atmosphere (ECBilt), the ocean (CLIO) and terrestrial vegetation (VECODE). ECBilt is the atmospheric component, consisting of a three-level, quasi-geostrophic model at T21 resolution (Opsteegh et al., 1998) . The sea ice-ocean part (CLIO) consists of a three-dimensional, free surface ocean general circulation model coupled to a dynamic-thermodynamic sea-ice model (Goosse et al., 2010) . The horizontal resolution of CLIO is 3°latitude by 3°longitude, and there are 20 unevenly spaced vertical layers in the ocean. VECODE calculates vegetation cover in terms of two PFTs (grasses and trees) and bare soil as a dummy type at T21 resolution (Brovkin et al., 1997) . This vegetation cover is forced by climatic inputs from ECBilt, and in turn, VECODE calculates land surface albedo and passes it back to ECBilt. By activating VECODE in iLOVECLIM, we already include in a crude way the impact of vegetation changes in our climate simulations. However, note that our goal for the iLOVECLIM simulations was to obtain 8.2 ka BP climate anomalies that are as close as possible to proxy-based evidence, to be used as forcing for LPJ-GUESS, so that we could evaluate the impact of this abrupt climate change on vegetation in considerable detail. We thus only consider the climatic output of iLOVECLIM, and do not evaluate the results of VECODE in this study. Because cloud cover is prescribed in iLOVECLIM, the transient climatic forcing of LPJ-GUESS consists only of varying temperature and precipitation.
Experimental design
The climate simulations
As the first step, we performed two different climatic simulations following Wiersma and Renssen (2006) : a control simulation of the early Holocene (at 8.5 ka BP) equilibrium climate before the event and a simulation of the 8.2 ka BP event. The control simulation (8.5ka_CTRL) was run for 1000 years. It is a continuation of the 8.5 ka BP simulation (OGIS_FWF-v2) of Zhang et al. (2016) and the boundary conditions are identical with their 8.5 ka BP simulation. Atmospheric greenhouse gas concentrations were derived from ice core measurements (Loulergue et al., 2008; Schilt et al., 2010) : CO 2 = 260.35 p.p.m., CH 4 = 660.27 p.p.b. and N 2 O = 260.58 p.p.b.. We prescribed astronomical parameters from Berger (1978) (eccentricity = 0.019199, obliquity = 24.22168°, longitude of perihelion = 319.4947°), resulting in more insolation in the Northern Hemisphere during the boreal summer and less insolation during boreal autumn and winter compared to the present day. For example, the maximum and minimum monthly insolation anomalies at 60°N are 37 W m −2 ( + 8%) in June and −25 W m −2 (−18%) in October. The remnant Laurentide Ice Sheet (LIS) located around Hudson Bay was taken from ICE-5G (Peltier, 2004) . Following Zhang et al. (2016) , the baseline meltwater release for 1000 years in our control simulation includes 0.05 Sv of freshwater released at the St Lawrence River and 0.03 Sv at Hudson Strait and Hudson River, all from the LIS, and 0.022 Sv from the Greenland Ice Sheet (GIS).
In the 8.2 ka BP simulations (8.2ka_EVENT), we imposed an additional freshwater flux of 2.1 Sv (1 Sv = 10 6 m 3 s −1 ) for 10 years (volume of 7.34 × 10 14 m 3 ) in the Labrador Sea (50-65°N, 35-70°W), during which the background meltwater fluxes were kept at the same amount as in 8.5ka_CTRL (Table 1) . To have a more realistic 8.2 ka BP climatic response, we tested different volumes of freshwater input, in which the simulation with 2.1 Sv freshwater for 10 years produced climate anomalies closest to this cold event. This freshwater volume (7.34 × 10 14 m 3 ) is higher than the maximum constraint on the drained lake volume (1.63 × 10 14 m 3 ) derived from the maximum sea-level rise following lake drainage (Törnqvist et al., 2004) , but lower than the ice saddle collapse volume (8.83 × 10 14 m 3 ) inferred by Matero et al. (2017) . After these 10 years, the simulation is continued for another 600 years with only background meltwater fluxes, which were reduced to 0.01 Sv for both the St Lawrence River and Hudson Strait, and 0.022 Sv for the GIS (Table 1; Zhang et al., 2016) . During the 8.2 ka BP event, large amounts of freshwater were injected into the Labrador Sea, and there is a rerouting of the continental runoff following the lake flood (Meissner and Clark, 2006) . As a result, the amount of baseline freshwater decreases after the 8.2 ka BP event, and we keep these volumes of meltwater consistent with Zhang et al. (2016) . Except for these freshwater fluxes, other forcings were identical to 8.5ka_CTRL. The total duration of the 8.2ka_EVENT simulation is thus 610 years.
The vegetation simulations
At the second step, we force LPJ-GUESS with the simulated climatic anomalies to study the vegetation responses (Table 2) (Smith et al., 2001) . This 8.5ka_CTRL-LPJ experiment thus gives information about the vegetation dynamics in response to the 8.5 ka BP equilibrium climate.
8.2ka_EVENT-LPJ: this 8.2 ka BP vegetation simulation starts from the end of 8.5ka_CTRL-LPJ and is forced for 580 years with annually varying climate forcing from simulation 8.2ka_EVENT. The 580 years of climate forcing are monthly climate values from the 31st to the 610th year of 8.2ka_EVENT (Fig. 1 ). As seen in Fig. 1 , the first 30 years of the 8.2ka_EVENT climate simulation are characterized by a cold-warm oscillation, followed by a clear cooling response starting at year 31. To facilitate interpretation of the 8.2 ka BP vegetation response, we did not apply this cold-warm oscillation as forcing for LPJ-GUESS.
Two additional simulations, starting from the end of 8.5ka_CTRL-LPJ, are performed to test the relative impact of temperature and precipitation changes on vegetation during the 8.2 ka BP event:
8.2ka_EVENT-LPJ-ts (580 years): identical fixed climatic forcings as for 8.5ka_CTRL-LPJ except for the temperature, which is identical with transient forcing for 8.2ka_EVENT-LPJ.
8.2ka_EVENT-LPJ-pp (580 years): identical fixed climatic forcings as for 8.5ka_CTRL-LPJ except for the precipitation, which is identical with transient forcing for 8.2ka_EVENT-LPJ.
To characterize robust vegetation responses, we separate Europe into five sub-regions according to their geographical locations (Fig. 2) . In each sub-region, we apply a moving twotailed z-test (Chervin and Schenider, 1976) to the evolution of the main PFTs whose cover is larger than 5% (except 'Tropical trees' in Southern Europe) to discuss these regional characteristic PFT distributions. This z-test assesses whether the vegetation is statistically different from the initial state (the initial state here is the 8.5 ka BP vegetation equilibrium state). To detect a vegetation signal of several decades, we classify a data point in our simulated vegetation time series as anomalous if the average of the moving window is different from the equilibrium state with 99% certainty. Similar to Wiersma et al. (2011) , we use 31-year centred moving windows (t -15 a, t + 15 a) from simulation 8.2ka_EVENT-LPJ. The equilibrium state is taken from simulation 8.5ka_CTRL-LPJ, which consists of a more than 200-year-long equilibrium run. As a result, the equilibrium state is calculated 
where VD refers to the respective vegetation distribution. The contribution equals 100% when temperature or precipitation alone causes identical vegetation responses to the responses suggested in 8.2ka_EVENT-LPJ, and can extend by 100% due to synergy effects between temperature and precipitation conditions.
Results and discussion
We focus on simulated vegetation responses to the 8. Vegetation in the control run (8.5ka_CTRL-LPJ)
The overall 8.5 ka vegetation in Europe is dominated by high tree cover, with regional differences in PFT fractions (Fig.  3A ). North-Western Europe (NWE) and North-Eastern Europe (NEE) have the same dominant PFTs but in different proportions. NWE has 49% temperate broadleaved summergreen trees (TempBS) and 18% Boreal needle evergreen trees (BoNE, Fig. 4a ), while NEE has 32% TempBS and 13% BoNE (Fig. 4b) . Grass covers about 20% in both regions, with slightly higher fractions in NEE than in NWE. In contrast, Western Europe (WE) has much higher proportions of temperate trees, with 20% temperate broadleaved evergreen trees (TempBE) and 37% TempBS (Fig. 4c ). Tree cover in Eastern Europe (EE) is dominated by TempBS (31%, Fig.  4d ). Southern Europe (SE) is dominated by TempBE (30%, Fig. 4e ), mixed with a rather small fraction of tropical trees (2%) in its southern part. In these three regions, grass cover is about 10%. Different from vegetation in Europe, grass (37%) is the only dominant PFT in North Africa (Fig. 4f) , combined with rare occurrences of TempBE and Tropical trees (both <2%).
Vegetation responses to the 8.2 ka BP event
All dominant PFTs respond to the 8.2 ka BP event, but the temporal response is not equal for each PFT (Fig. 4) . In all regions, TempBS and grass react at the beginning of the cooling, while TempBE lags behind TempBS by 20-30 years in WE ( Fig. 4c ) and BoNE also lags behind TempBS by about 30 years in northern Europe (NWE and NEE, Fig. 4a,b) . In northern Europe, TempBS cover decreases at the beginning of the 8.2 ka BP cold event and reaches its minimum (32 and 18% in NWE and NEE, respectively), implying a reduction of about 17 and 14% in both regions in 50 years (Fig. 4a,b ). TempBS disappears in the northern regions and dominates the southern part of these regions (Fig. 3B) . At the same time, grasses expand over areas primarily occupied before by TempBS (Fig. 3B) , with a maximum cover of 22%. By contrast, BoNE cover increases slightly after the 8.2 ka BP cooling event, yet it experiences a significant expansion after the minimum of TempBS and reaches its maximum [20 and 12% in NWE and NEE, respectively, representing increases of 12% (NWE) and 5% (NEE)] in 100 years (Fig. 4a,b ). However, in the northern part of NWE, BoNE cover decreases where grass expands and it invades southward. Overall, our results thus indicate that the grass-BoNE and BoNE-TempBS boundaries move southward.
In mid-latitude Europe (WE and EE) the response time to the 8.2 ka BP event varies among different temperate tree PFTs. In WE (Fig. 4c ), TempBS reaches its minimum (30%) in about 20 years, but TempBE responds to the 8.2 ka BP event more slowly than TempBS, reaching its minimum (18%) in around 60 years. In EE (Fig. 4d ), TempBS decreases also at the beginning of the 8.2 ka BP event, and is reduced by 5%. However, grass cover does not expand as in Northern Europe, leading to a stronger reduction of total vegetation cover in WE and EE.
In southern regions, the vegetation responses to the 8.2 ka BP event in Southern Europe (SE) are very different from North Africa (NA). In SE, TempBE and grasses experience slight changes during the 8.2 ka BP event, but tropical trees disappear when the cooling starts (Fig. 4e ). In contrast, in NA grasses decrease at the beginning of the 8.2 ka BP cold event from 37% to about 22% in 50 years, after which a rather slight expansion of TempBE (Fig. 4f ) is simulated.
After the 8.2 ka BP event, most PFT fractions recover to their initial (8.5 ka BP) levels (Fig. 3C ) in about 200 years, except for TempBS. In NEE, WE and EE, TempBS remains at a relatively stable level with only a modest recovery ( Fig. 4b-d ). This suggests that the 8.5 ka BP climate condition is very close to TempBS climatic thresholds and TempBS is therefore very sensitive to climate variability, leading to the establishment of another stable vegetation composition after the 8.2 ka BP perturbation. This implies that other PFTs benefit from climate perturbation. Consequently, this vegetation response indicates that abrupt climate changes can potentially trigger a transition between different stable vegetation compositions.
Relative impact of changes in temperature and precipitation on vegetation cover
Our comparison of 8.2ka_EVENT_LPJ (full climatic forcing) with the experiments with temperature anomaly-only forcing (8.2ka_EVENT_LPJ-ts) or precipitation anomaly-only forcing (8.2ka_EVENT_LPJ-pp) reveals that the importance of these two climate factors is different for the various PFTs in each sub-region.
For both BoNE (Fig. 5a ) and TempBS (Fig. 5b ) in northern Europe, temperature is clearly the dominant factor. In this region, cooler conditions are simulated, with up to −1.8°C mean annual temperature decrease in NWE and a decline of about 1.0°C in NEE. This cooling produced a response in BoNE and TempBS that is very similar in both 8.2ka_EVENT-LPJ and 8.2ka_EVENT-LPJ-ts, showing that temperature is the main driver. This similarity is clear at the beginning and the coldest phase of the 8.2 ka BP event. During the coldest phase, the contributions of temperature anomalies (Fig. 6) to both BoNE and TempBS are more than 100% in NWE. In NEE, the lower temperature also contributes more than 50% to both BoNE and TempBS. The declines of TempBS (Fig. 5b ) in WE and EE and TempBE (Fig. 5c ) in WE are caused by changes in both temperature and precipitation. In these regions, the vegetation responses in 8.2ka_EVENT-LPJ show a clear decline, but the decline is weaker in both 8.2ka_EVENT-LPJ-ts and 8.2ka_EVENT-LPJ-pp.
However, in EE, the sum of the latter two responses is more or less the same as the total response in 8.2ka_EVENT-LPJ, which is consistent with their up to 99% overlaid contributions (Fig. 6) . In contrast, in WE, the synergy effects of temperature and precipitation anomalies contribute more than 50% to both TempBS and TempBE changes, implying the importance of lower temperature on weakening vegetation drought stress through reductions of evaporation. TempBE (Fig. 5c ) depends highly on precipitation in SE, while tropical trees (Fig. 5d ) are more sensitive to temperature anomalies. In both 8.2ka_EVENT_LPJ and 8.2ka_EVENT_LPJpp, TempBE declines at a similar rate, reaching a cover of 25%, and implying a reduction of 5% compared to the control state. During the 50 years with lowest TempBE cover in 8.2ka_EVENT_LPJ, the contribution of precipitation anomaly reaches 82% (Fig. 6) . In contrast, the cover of tropical trees (Fig. 5d ) is very small, and tropical trees disappeared when the cooling starts in both 8.2ka_EVENT_LPJ and 8.2ka_E-VENT_LPJ-ts. The contribution of temperature anomalies to tropical trees is up to 95% (Fig. 6) .
As the only dominant PFT in NA, the decline of grass cover (Fig. 5e ) is caused by changes in both temperature and precipitation, in which the > 50% decreases in summer precipitation dominate grass responses. The dominant role of precipitation to grass cover in NA has also been suggested by Lu et al. (2018) . In this region, grass cover in 8.2ka_EVENT-LPJ shows a clear decline and this decline is stronger than in both 8.2ka_EVENT-LPJ-ts and 8.2ka_EVENT-LPJ-pp. However, the sum of the latter two responses is stronger than the total response in 8.2ka_EVENT-LPJ, indicating the counteractive effect of lower temperature and less precipitation on grass cover during the 8.2 ka BP event. This counteractive effect is also indicated by the 35% contributions of synergy effects (Fig. 6 ).
Model-data comparisons in specific regions
In this section, we will first compare directly simulated and reconstructed vegetation for the Early Holocene, followed by a discussion of the pollen-based evidence for vegetation change during the 8.2 ka BP event and a comparison with our model results. A large number of pollen records over Europe cover the time span of the 8.2 ka BP event, but not all of them have a sufficiently high time resolution and can be used to resolve vegetation changes associated with this event (Fig. 2 ). There are also high-resolution pollen records that do not indicate the 8.2 ka BP signals (green dots in Fig. 2) , indicating either that the climate event was not as severe at that particular location, or that the vegetation response is too weak to show up in a pollen diagram. Some of these records are close to those that do show a clear response during the time of the 8.2 ka BP event (orange dots in Fig. 2) , especially in the area around the Alps. This could suggest that the vegetation response to the 8.2 ka BP event depends on topographic differences that can be expected in such a mountainous region, affecting local conditions (altitude, aspect, slope, etc.) that impact climate and vegetation growth. Because the purpose of including pollen records in this study is to evaluate if our modelled vegetation responses are sensible and in line with actual vegetation responses, a further evaluation of these local effects and their influence on the detection of these climate impacts on vegetation in pollen records is outside the scope of this paper, so we have not discussed them further. Therefore, in this study, model evaluation is based on a selection of highresolution pollen records that have been unambiguously used in previous studies that address the impact of the 8.2 ka BP climate anomaly on vegetation (Fig. 2) .
Early Holocene vegetation
Our simulated distributions of the main PFTs generally agree with PFTs of the main pollen types during the early Holocene. The dominant distribution of BoNE in northern Scandinavia agrees with data indicating the development of boreal forest (Rosén et al., 2001) . Our simulation suggests that a mixture of temperate and boreal forest (TempBS and BoNE) persists in the southern part of NWE. This agrees with pollen-based reconstructions: for example, Corylus-dominated forest mixed with Pinus, Betula, Alnus, Ulmus, Tilia and Quercus at HøjbySø in Denmark (Hede et al., 2010) , and mixed forest with Pinus, Betula and Alnus in northern Sweden (Snowball et al., 2002) and western Norway (Nesje et al., 2006) . However, we simulate a higher percentage of TempBS than BoNE in this region, whereas pollen records suggest a higher proportion of boreal tree species than temperate tree species. Besides model uncertainties, this discrepancy may be related to the over-representation of Pinus pollen due to its long-distance dispersal (Xu et al., 2007) . Over WE and EE, the early Holocene vegetation in our simulation is dominated by TempBS and TempBE, mixed with < 10% BoNE fraction. This vegetation distribution is consistent with pollen-based reconstructions at low altitudes, indicating mixed-temperate forest dominated by Corylus, Ulmus, Tilia, Quercus, etc. (Tinner and Lotter, 2001; Feurdean and Bennike, 2004; Veski et al., 2004; Joly and Visset, 2009; Pál et al., 2016) , but the distribution of Pinus (BoNE) at upper elevations is not captured by our model due to the coarse resolution. In SE, TempBE (Quercus.evergreen in pollen records) becomes the dominant tree PFT (Kotthoff et al., 2008) in both simulation and reconstructions.
Comparison of reconstructed and modelled vegetation responses
Our simulation (Fig. 4 ) generally captures the main features of vegetation responses recorded by palaeobotanical evidence (Table S1) , indicated by comparable specific pollen taxa and evolutions of PFTs. However, there remain some discrepancies between pollen reconstructions and model simulations.
Northern Europe
The simulated declines of TempBS (Fig. 4a,b ) are consistent with rapid declines of temperate, thermophilous broadleaved trees such as Alnus, Corylus and Ulmus, and expansions of BoNE (Fig. 4a,b ) agree with increases in boreal trees such as Pinus (Seppä and Poska, 2004; Veski et al., 2004; Head et al., 2007; Sarmaja-Korjonen and Seppä, 2007; Ghilardi and O'Connell, 2013; Novenko and Olchev, 2015; Torbenson et al., 2015; Fiłoc et al., 2017; Hede et al., 2010) . According to Seppä et al. (2007) , this decrease in temperate tree pollen percentages can be interpreted as a reflection of decreasing spring temperature. Our dominant factor analysis agrees with this interpretation. Moreover, the decline in Betula and expansion of grasses (for example Sjuodjijaure, site 1 in NWE; Rosén et al., 2001) in the northern part of Northern Europe are also reflected in our simulations (Fig. 3) . However, there are discrepancies between simulations and reconstructions. In the reconstructions, thermophilous deciduous tree pollen taxa often account for only a small proportion of the total, while the associated PFT (TempBS) is the dominant PFT in the model results. This discrepancy might be interpreted as reflecting over-representation of Pinus in the pollen-based reconstruction due to its long-distance dispersal (Xu et al., 2007) . Also, there are uncertainties related to simulated early Holocene climate and uncertainties associated with comparing pollen percentages with PFT cover (Miller et al., 2008; Seppä et al., 2009 ).
Mid-latitude Europe
During the 8.2 ka BP event, a reduction of temperate tree cover is indicated by the model and reconstructions (Tinner and Lotter, 2001; Seppä and Poska, 2004; Veski et al., 2004; Feurdean et al., 2008; Ghilardi and O'Connell, 2013; Novenko and Olchev, 2015; Pál et al., 2016; Fiłoc et al., 2017) and the impacts of changes in temperature and precipitation on vegetation vary in different regions. Rapid declines of temperate thermophilous broadleaved trees (Alnus, Corylus, etc.) in northern EE (site 8; Fig. 7a ) are a result of cold winters and early springs because Alnus is strictly constrained by lower temperatures and a short growing season and is particularly sensitive to frost damage in early spring (Veski et al., 2004) . In southern EE (site 27 in EE; Fig. 7e) , the percentage of Corylus shows comparable declines as in Estonia (site 8) but an expansion of Carpinus was found (Pál et al., 2016) . These vegetation responses attest to an increase in available moisture in winter and spring (Pál et al., 2016) as this species has lower drought resistance than Corylus (Sykes et al., 1996) . In contrast, in middle EE (site 16), the large decline of Corylus has been interpreted as indicative of drier conditions (Fig. 7b ; Feurdean and Bennike, 2004; Feurdean et al., 2008) . Moreover, in WE (sites 19 and 22; Fig. 7c,d) , the decrease in TempBS (Corylus) and expansions of Pinus, Betula, Tilia, Fagus and Abies are interpreted as reflecting a cooling and reduced drought stress during the 8.2 ka BP event (Tinner and Lotter, 2001) . Their interpretations of increases in available moisture during the growing season partially agree with Pál et al. (2016) , but the vegetation responses in WE are stronger than those in EE (Pál et al., 2016) .
After the 8.2 ka BP event, TempBS cover (Fig. 4c ) remains at a relative lower level compared to TempBS cover at 8.5 ka BP, indicating a persistent impact of this abrupt climate change. The two different compositions of PFT cover before and after the 8.2 ka BP event imply the possibility of different vegetation compositions under similar climate conditions. These different vegetation compositions reflected by our simulations are consistent with two high-resolution pollen-based reconstructions (sites 19 and 22) . In the reconstructions by Tinner and Lotter (2001) , the pollen percentage of Corylus does not recover to its early Holocene level after the 8.2 ka BP event (Fig. 7c,d ). According to Tinner and Lotter (2001) , the vegetation composition changed to include more drought-sensitive (Tilia, Fagus, Abies, etc.) and taller growing species (such as Pinus) due to the 8.2 ka BP climatic perturbation. Denser, more shaded stands formed during the cooling event, putting Corylus at a disadvantage as it is light-demanding and relatively short in stature, although the climatic conditions are more suitable for growth after the perturbation. Such competitive effects, in addition to composition changes resulting from changes in bioclimatic preferences, can be simulated in a realistic manner by LPJ-GUESS (Smith et al., 2001; Seppä et al., 2015) . This implies that abrupt climate change could trigger vegetation changes among different stable vegetation compositions, which is supported by our simulation (Figs 4, 5) . In addition, our simulations suggest such long-lasting impacts of abrupt climate change in NEE and EE (Fig. 4b,d ), but there is no pollen record tio allow detailed comparisons.
Southern Europe
There is an agreement between simulations and reconstructions (Davis and Stevenson, 2007; Kotthoff et al., 2008) on a distinct decrease in TempBE (Quercus.evergreen in pollen) and an increase in grass (e.g. Ephedra in pollen), related to both lower temperature and drought stress. Up to 40% increases in herb and the persistent presence of Ephedra is seen as the result of increased drought stress (site 28 in SE; Kotthoff et al., 2008) . Moreover, the decline of Quercus.evergreen ( Fig. 7f) is interpreted as being due to reduced winter precipitation and/or temperature (Davis and Stevenson, 2007) . This is reflected in our dominant factor analysis ( Fig. 5c ).
Potential importance of initial climate and vegetation conditions
Our simulations suggest a weaker importance of initial states compared to experiments performed for the last glacial climate and vegetation. Woillez et al. (2013) studied vegetation responses to climate change during glacial periods and found shifts in dominant PFTs and a strong dependence on the initial state. In their experiments, the climate changes by about 1-2°C in Europe, similar to our 8.2 ka BP anomalies. Woillez et al. (2013) interpreted the clear glacial vegetation response as reflecting the climate being very close to the climatic threshold of the vegetation, leading to a high sensitivity to rapid climate change. In response to the 8.2 ka BP event, we find declines in the cover of dominant tree PFTs, but no full transition to another PFT. These different vegetation responses under similar magnitude climate changes indicate the importance of initial climate conditions. Consequently, the resulting vegetation following a climatic perturbation probably depends on the distance between initial climate conditions and climatic thresholds of specific PFT or species (Miller et al., 2008) . In addition, Ni et al. (2006) suggested that the duration of a climatic perturbation also has the potential to modify the (Tinner and Lotter, 2001) ; (d) Corylus from site 22 (Tinner and Lotter, 2001) ; (e) Corylus and Carpinus from site 27 (Pál et al., 2016) ; and (f) Quercus.evergreen from site 28 (Kotthoff et al., 2008) vegetation response. So, when studying vegetation response to abrupt climate change it is necessary to know both the initial state and the persistence of the climate perturbation.
Uncertainties and outlook
One important source of uncertainty is related to the model-data comparisons and the different scales in these two approaches. In our simulations, vegetation responses are indicated by PFT cover, while in the observations they are represented by percentages of specific pollen taxa (Seppä et al., 2009) . Each PFT includes several plant species which are represented by pollen taxa in pollen records. Therefore, the comparisons between simulated PFT cover and percentages of specific pollen taxa are limited to trend comparisons rather than quantitative comparisons. For example, thermophilous deciduous tree pollen taxa often account for only a small proportion, while the associated PFT (TempBS) is the dominant PFT in the model results. This discrepancy could be partially interpreted as reflecting over-representation of Pinus in the pollen-based reconstruction due to its long-distance dispersal (Xu et al., 2007) . Also, the uncertainties in terms of simulated climate change impact on vegetation simulations and thereby affect model-data comparisons. In particular, the simulated drier conditions could exaggerate the impacts of precipitation on vegetation during the 8.2 ka BP event compared to reconstructed increases in precipitation over Europe. To resolve this issue, more simulations with high-resolution climate models and estimations of the uncertainty range by multiple models simulation need to be made. Additional highresolution precipitation reconstructions are also called for as a benchmark. In addition, after the 8.2 ka BP event, the simulated climate conditions recover to the 8.5 ka BP level, but in reality due to the different orbital forcing the climate does not return exactly back to the 8.5 ka BP level, leading to uncertainties in the model-data comparison after the 8.2 ka BP event.
On a spatial scale, the smoothed topography in our lowresolution model hardly allows for vegetation changes along altitude gradients, such as the expansions of pine forests captured in pollen at high altitudes over mid-latitudinal Europe (e.g. Tinner and Lotter, 2001) and Southern Europe (e.g. Davis and Stevenson, 2007) . By contrast, despite this coarse resolution, our simulation indicates a latitudinal vegetation gradient in the magnitude of responses during the event (Fig. 4) , with more pronounced responses to the severe cooling in the north and weaker responses to more moderate cooling in the south. This large-scale gradient is not clear in pollen records, probably because it is masked by many local factors also reflected by pollen records. On a temporal scale, the duration of the 8.2 ka BP event is short compared to the time resolution of most available pollen records, leading to a very limited number of pollen records being suitable for comparisons. Our simulation generally captures the main features of vegetation responses recorded by pollen records, but the possibility of long-lasting impacts of abrupt climate change on vegetation is only indicated by two pollen records (Tinner and Lotter, 2001) . We thus need more high-resolution pollen records and simulations studying the long-lasting impacts of abrupt climate changes on vegetation responses.
Conclusions
In this study, we use the 8.5 ka BP and 8.2 ka BP climates simulated by iLOVECLIM to drive a vegetation model (LPJ-GUESS) and investigate the vegetation responses to the 8.2 ka BP event, with a focus on the vegetation changes over Europe and Northern Africa. Based on our analysis, we conclude the following:
1. All dominant PFTs over Europe and North Africa respond to climate change during the 8.2 ka BP event, but the magnitude and timing of their reactions are different. In NWE and NEE, the TempBS fraction is reduced by 17 and 14% within 50 years, respectively, and BoNE experiences a significant expansion (by 12% in NWE and 5% in NEE) after the minimum of TempBS and reaches its peak after 100 years. In WE, TempBS decreases by 7% in about 20 years, while TempBE declines by only 2% in around 60 years, which is slower than for TempBS. In EE, only TempBS decreases by 5% at the beginning of the event. In SE, grasses expand at the expense of TempBE, and tropical trees (only 2%) disappear immediately after cooling begins. In NA, grass cover decreases by 15% in 50 years, followed by a minor expansion (by 2%) of TempBE. After the 8.2 ka BP event, most PFTs return to their pre-perturbed state, except for TempBS which does not recover in NEE, WE and EE. This implies the possibility of different vegetation compositions under similar climate conditions, as a response to an abrupt climate perturbation. 2. When comparing the relative impacts of temperature and precipitation, it is clear that the lower temperature during the 8.2 ka BP event drives the evolution of both BoNE and TempBS in NWE and NEE. In WE and EE, changes in temperature and precipitation alone are not sufficient to drive the decrease in TempBS at the beginning of this event.
In SE, temperature is the main driver of the disappearance of tropical trees. In SE, changes in precipitation contribute more to TempBE responses compared with temperature. In NA, the decline of grass cover is caused by changes in both temperature and precipitation, in which the >50% decreases in summer precipitation dominate the grass responses. 3. Our simulation results show a general agreement with pollen records from Europe. The possibility of different vegetation compositions under similar climatic conditions in our simulation is shown in two high-resolution pollen records. These different vegetation compositions could be a long-lasting effect of abrupt climate changes. Moreover, our simulations suggest a latitudinal vegetation gradient, with more pronounced responses to the severe cooling in the north and weaker responses to more moderate cooling in the south. This gradient is not reflected by pollen records. Figure S1 . DJF surface temperature anomaly between simulated 8.5 ka state (8.5ka_CTRL) and pre-industrial state. Figure S2 . JJA surface temperature anomaly between simulated 8.5 ka state (8.5ka_CTRL) and pre-industrial state. Figure S3 . Annual mean total precipitation anomaly between simulated 8.5 ka state (8.5ka_CTRL) and pre-industrial state. Figure S4 . The maximum annual surface temperature anomaly (50 year mean) during the 8.2 ka BP event (8.2ka_EVENT minus 8.5ka_CTRL). The overlain filled circles show proxybased reconstructions of surface temperature anomalies associated with the 8.2 ka BP event . Figure S5 . Temporal evolution of annual mean temperature anomalies (the left side) and percentage of soil moisture anomalies (the right side) between 8.2ka_EVENT-LPJ and 8.5ka_CTRL-LPJ over (a) NWE, (b) NEE, (c) WE, (d) EE, (e) SE and (f) Northern Africa (NA). The vertical grey bar indicates the start of the climatic 8.2 ka BP event perturbation. Figure S6 . The simulated seasonal temperature anomaly (°C), percentage of precipitation anomaly (%) and soil moisture anomaly (mm) of the 8.2 ka event (8.2ka_EVENT minus 8.5ka_CTRL). Table. S1 Sites information about pollen records over Europe in Figure 2 . Table. S2 The comparison between modelled 50-year mean surface temperature in 8.2ka_EVENT and it recorded by quantitative temperature proxies .
